Abstract Human adenovirus 40 (Ad40) is an interesting candidate for vector construction because of its tropism for the gastrointestinal tract. Although effective preparation of the vector is necessary for its in vivo application, amplification of Ad40 has been very difficult. Ad40 E1 deletion mutants were detected by PCR in the viral DNA from Ad40 Dugan amplified by Ad5 E1-expressing human embryonic kidney (293) cells and in Ad40 Dugan plaques observed with Ad5 E1-expressing human retinoblastic cells. For the purpose of generating a single wild-type Ad40 clone, the entire Ad40 DNA was cloned into a plasmid by homologous recombination. A pure Ad40 was successfully generated by plasmid transfection and subsequently amplified with Ad5 E4orf6-inducible 293 (2V6.11) cells. 2V6.11 is an apposite cell line for effective Ad40 amplification and for future vector construction because Ad40 genetic integrity was maintained with this Ad5 E1 and E4orf6 trans-complementing cell line.
Introduction
Conventional human adenovirus (Ad) vectors that have been developed for gene therapy are based on subgroup C adenoviruses (AdC) such as serotype 5 (Ad5) [1, 2] . However, gene therapies targeting specific organs, especially the gastrointestinal (GI) tract, require different organ/tissue tropism, and thus serotypes other than Ad5 are needed.
The human adenovirus serotype 40 (Ad40) is a member of the subgroup F adenoviruses (AdF). Ad40 is not only an important etiologic pathogen of infantile gastroenteritis but also an interesting candidate for vector construction targeting the GI tract. Although efficient Ad40 amplification is necessary for studying Ad40 virology and vectorology, it is extremely difficult to amplify this virus in vitro compared to other adenoviruses (Ads), for example, the commonly used subgroup C Ads (Ad2 and Ad5) [3] .
Ad40 causes diarrhea, mainly in children under 2 years of age [4, 5] , where Ad5 neutralizing antibody titers are low [6] [7] [8] . Moreover, Ad40 rarely causes diarrhea or disseminated disease, even in immunocompromised adult patients, such as hematopoietic stem cell transplant recipients and HIV-positive individuals [9] [10] [11] . These data indicate that Ad40 has difficulty spreading in the human body, with an immune function preventing systemic Ad5 replication, especially in the presence of anti-Ad5 neutralizing antibody.
The GI tract is a commonly targeted organ that is affected by many human Ads, including Ad40 and Ad5 [12] . The growth of Ad40 was reported to be complemented by the E1b55K protein of other Ads, including Ad5 [13] [14] [15] . Mautner and Mackay [16] reported that during Ad40 infection, Ad40 E4 expression preceded viral DNA replication. Further, Goodrum et al. [17] have shown that Ad5 E4orf6 and Ad5 E1b55K may cooperate to promote cell cycle-independent Ad5 growth. These reports suggest that Ad5 E1b55K and Ad5 E4orf6 may cooperatively support the replication of Ad40.
The Ad40 Dugan strain [18] from American Type Culture Collection (ATCC, Manassas, VA, USA), which was amplified in Ad5 E1-expressing human embryonic kidney (293) cells, is readily available and has been used worldwide. While amplifying Ad40, Ad40 E1 deletion mutants were detected by PCR of the encapsidated viral DNA extracted from Ad40 Dugan. An Ad40 E1A and E1b19K deletion mutant was also observed in Ad40 Dugan plaques isolated using Ad5 E1-expressing human retinoblastic (911) cells. The insufficient genetic integrity of Ad40 E1 after Ad40 infection might be a major obstacle for in vitro culture of Ad40. These findings, as well as the aforementioned reports, led to a hypothesis that Ad5 E1b55K and Ad5 E4orf6 double-expressing cells might be suitable for Ad40 amplification, while single complementation of Ad5 E1 might be detrimental to the genetic integrity of Ad40 E1.
In order to develop a vector system for dependable gene expression, the recombinant virus should be stable enough to maintain its genetic integrity during the amplification process. As the first step for future Ad40-based vector construction, a single wild-type Ad40 clone (pure Ad40wt) was generated by cloning the entire Ad40 genome into a plasmid. Plasmid transfection and effective virus amplification were carried out in Ad5 E4orf6-inducible 293 (2V6.11) cells expressing both Ad5 E1 and Ad5 E4orf6. With this pure virus, differences in the genetic integrity of Ad40 E1 and in viral replication efficiency were evaluated using various propagating cell lines. These studies establish that the genetic integrity of Ad40 upon amplification is supported by Ad5 early gene products.
Materials and methods

Viruses and cells
Ad40 (Dugan strain, VR-931) was obtained from ATCC. Ad5wt (Ad300wt) was used as a control. The 293 (CRL-1573, ATCC), 2V6.11 (CRL-2784, ATCC), 911 (a kind gift from Dr. Alex J. van der Eb, Leiden University, Leiden, Netherlands) [19] , human lung epithelial adenocarcinoma (A549, CCL-185, ATCC), human cervical epithelial adenocarcinoma (HeLa; CCL-2, ATCC) and Ad5 E4-expressing African green monkey kidney (W162; CRL-2783, ATCC) cells were maintained as adherent cultures in Dulbecco modified Eagle medium (DMEM, Mediatech, Herndon, VA, USA) supplemented with 5-10% fetal bovine serum (FBS, HyClone, Logan, UT, USA), 2 mM L-glutamine (Mediatech), 100 IU/ml penicillin and 100 lg/ml streptomycin (Invitrogen, Carlsbad, CA, USA). The 2V6.11 cells were maintained with addition of 600 lg/ml Zeocin and 100 lg/ml Hygromycin B (Invitrogen) every 3 days. Cells were grown in a dedicated virus-free incubator at 37°C in a humidified atmosphere containing 5% CO 2 .
Construction of inducible Ad5 E4orf6-expressing 911 cells Inducible Ad5 E4orf6-expressing 911 (911orf6) cell lines were generated based on the ecdysone system [20] . First, 911 cells were transfected with pVgRXR (a kind gift from Dr. Daniel J. Donoghue) [21] using SuperFect transfection reagent (Qiagen, Valencia, CA, USA) and selected for 14 days with 600 lg/ml Zeocin to obtain 911VgRXR clones. Next, the 911VgRXR cells were transfected with pEKORF6 (a kind gift from Dr. Gary Ketner) [22] , which was a derivative of the plasmid pIndHygro (Invitrogen) containing the Ad5 E4orf6 sequence under the control of the ecdysone-inducible promoter in the plasmid. The double transduced clones were obtained after 14 days with both 400 lg/ml Zeocin and 50 lg/ml Hygromycin. The level of expression of the Ad5 E4orf6 protein was examined for each individual clone by western blotting with an anti-Ad5 Eorf6, 6/7 antiserum (M45; a kind gift from Dr. Patrick Hearing) [23] . Before transfection or infection of 2V6.11 or 911orf6 cells, cultures were treated with 0.1% DMSO (uninduced control), or 1 or 5 lg/ml ponasterone A (Invitrogen). After an additional 24 h incubation, 2V6.11 or 911orf6 cells were transfected with plasmid or infected with fresh Ad-containing medium.
Pure Ad40wt construction, titration and sequence Total Ad40 genomic DNA was extracted from Ad40 Dugan using a Blood & Cell Culture DNA Mini Kit (Qiagen) after a DNase pre-treatment step to eliminate nonencapsidated viral DNA [24] . The plasmid encoding pure Ad40wt was built by the homologous recombination between the full-length Ad40 DNA and the rescue plasmids, which contained homology regions of Ad40 left-and right-hand ends (left, 1,849 bp between 1 and 1,849 of GenBank accession no. L19443; right, 494 bp between 33,721 and 34,214), in E.coli BJ5183 (Stratagene, La Jolla, CA, USA). The resultant plasmid was amplified using DH5alpha (Invitrogen). Pure Ad40wt was generated from the plasmid DNA by transfection of 2V6.11 cells using Superfect after linearization with AsiSI. Every 72 h after transfection or infection, a series of 1:3 dilutions of the resulting crude viral liquids (CVLs), which were prepared by three freeze-thaw cycles and centrifugation (3,000 rpm, 10 min), were placed onto fresh 2V6.11 cells with 1 lg/ml ponasterone A in a dedicated Ad40 work incubator isolated from other viruses, especially Ad5. At every passage, encapsidated viral DNA from the 200 ll CVLs was purified using a QIAamp DNA blood mini kit (Qiagen) after a DNase pretreatment step and checked by PCR for Ad40 E1, fiber, and E4orf2. The PCR (QIAGEN fast cycling PCR kit, Qiagen) was performed with one fiftieth of the total encapsidated viral DNA in a 9700 thermocycler (Applied Biosystems, Foster City, CA, USA) with specific primers for Ad40 E1, fiber, and E4orf2 (Supplemental Table 1 ) for 35 cycles. Template-negative samples served as controls for PCR and were always undetectable. The CsCl-banded viruses were diluted with an equal amount of phosphate-buffered saline (PBS, Mediatech)-based lysis solution containing 1% SDS and 2 mM EDTA, creating a dilution factor (DF) of 2. Optical density was then measured at 260 nm (OD260; 1 OD260 = 2 (DF) 9 10 12 virus particles (VP)/ml). Total pure Ad40wt genomic DNA was extracted from the encapsidated CsCl-banded viruses using a Blood & Cell Culture DNA Mini Kit and sequenced by shotgun sequencing with a TOPO Shotgun Sequencing Kit (Invitrogen). Subsequently, the PCR fragments were cloned and sequenced. PCR products were purified using a QIAquick Gel Extraction Kit (Qiagen) and cloned into a pCR4-TOPO or pCR-XL-TOPO cloning vector using a TOPO TA or XL PCR Cloning Kit (Invitrogen). E.coli TOP10 (Invitrogen) was used for plasmid DNA amplification. DNA sequences of the plasmids were determined independently at the DNA sequencing facility at the University of Minnesota (St. Paul, MN, USA) using M13-forward and M13-reverse primers and identified by using Nucleotide Blast Search against the GenBank database (National Center for Biotechnology Information; NCBI, Bethesda, MD, USA).
Quantification of pure Ad40wt genomes by real-time PCR
The level of Ad40 DNA was evaluated using primers for Ad40 fiber (Supplemental Table 1 ) in real-time PCR analysis by the SYBR green method with a QuantiTect SYBR Green PCR Kit (Qiagen) in an ABI Sequence Detection System (ABI PRISM 7400, Applied Biosystems). The PCR-cloned Ad40 fiber DNA was used as a copy number standard. Encapsidated viral DNA was purified from a 20 ll viral solution of Ad40 Dugan and pure Ad40wt. The real-time PCR assay was performed with one fiftieth of the isolated viral DNAs. The lower limit of detection was 10 7 copies/ml of PCR-cloned Ad40 fiber DNA, and the lower limit of quantification was 10 8 copies/ ml. Template-negative samples served as controls for realtime PCR and were always sub-detectable.
Plaque assay and isolation
Plaque assays were performed as described previously [25] . Cell monolayers of 293, 911, A549, HeLa and W162 cells were infected with tenfold serial dilutions of pure Ad40wt virus solution. The aforementioned cells were incubated for 2 h with virus dilutions ranging from 10 -2 to 10 -7 . Additionally, A549 was treated in a similar fashion with dilutions ranging from 10 -1 to 10 -6 . After a 2 h incubation, the infected cells were overlaid with 0.5% agarose in DMEM supplemented with HEPES buffer (Mediatech) and FBS. The cells were overlaid with additional growth medium on the day of infection and the seventh day post-infection (pi), to prevent drying of the gel. Plaques were visualized in an agarose overlay, and data were collected from six dilutions on the tenth day pi. Visualized plaques were isolated using sterile cut-off 200 ll pipet tips, diluted in 1 ml DMEM, and CVLs were collected by centrifugation (3,000 rpm, 10 min) after three freeze-thaw cycles. Encapsidated viral DNA was extracted from 200 ll CVL. The resultant DNA was tested by PCR (QIAGEN Fast Cycling PCR Kit) with specific primers for Ad40 E1 (by hemi-nested PCR, Supplemental Table 1) , fiber, and E4orf2 and subsequently sequenced.
Detection of viral transcripts in cells
To evaluate viral transcription from pure Ad40wt, 8 9 10 5 cells in a 60 mm dish were infected with 200 VP/cell of pure Ad40wt. After a 2 h incubation with 1 ml of medium containing virus, the virus/medium solution was replaced with fresh medium. After a total 72 h of incubation, the cell culture medium was removed, and the remaining cells were collected by scraping into PBS. The suspension was centrifuged (1,000 rpm, 5 min), and the supernatant was removed. The cells were lysed with RLT reagent (Qiagen) with 1% b-mercaptoethanol, and the total RNA was isolated using a RNeasy Mini Kit (Qiagen). Contaminating DNA was removed by treatment with RNase-free DNase (Qiagen). In order to make complementary DNA (cDNA) for reverse-transcription (RT)-PCR assay, 1.5 lg of DNAfree total RNA was reverse transcribed using an Omniscript RT Kit (Qiagen) with Oligo d(T) 16 (Applied Biosystems). For detecting Ad40 E1b55 K mRNA, RT-PCR was performed with one twentieth of each cDNA using the specific primers for Ad40 E1b55K for 30 cycles (Supplemental Table 1 ) [26] . Detection and quantification of the Ad40 mRNA were performed with one twentieth of each cDNA using primers for Ad40 fiber in real-time RT-PCR by the SYBR green method. The lower limit of real-time RT-PCR detection for Ad40 fiber mRNA was 10 -4 % of total RNA, and the lower limit of quantification was 10 -2 % of total RNA. Template-negative, uninfected and RT-negative samples served as controls for RT-PCR or real-time RT-PCR and were always sub-detectable.
Detection of viral replication in cells
To measure replication of pure Ad40wt, 8 9 10 5 cells in a 60 mm dish were incubated with 200 VP/cell of pure Ad40wt. After a 2 h incubation in a total volume of 1 ml, Ad40-containing medium was replaced with fresh medium. After incubation for a total of 72 h, encapsidated viral DNA was purified from 200 ll of cell-free culture supernatants of Ad40-infected cells after centrifugation (3,000 rpm, 10 min), or from 200 ll of CVL. For detection of Ad40 E1 DNA, PCR was performed for 35 cycles with one fiftieth of the total encapsidated viral DNA, using specific primers for Ad40 E1, and the product was subsequently sequenced. The DNA level of Ad40 was evaluated using primers for Ad40 fiber in real-time PCR analysis by the SYBR green method. The real-time PCR assay was performed with one fiftieth of the isolated viral DNA.
Analysis of nonhomologous end-joining-related cellular proteins
Cells were seeded at 1.2 9 10 6 cells per well in a 60 mm dish. After 24 h, cultures were treated with 0.1% DMSO, 1 or 5 lg/ml ponasterone A, or 200 Ad5wt VP per cell. After an additional 24 h incubation, cells were infected with virus-free culture medium (control), 200 or 2,000 pure Ad40wt VP per cell, or 200 Ad5wt VP per cell. The cells were scraped off after an additional 24 h incubation and washed four times in cold PBS. The cell pellets were then lysed with sample buffer (0.125 M Tris-HCl, pH 6.8, 2% SDS, 5% b-mercaptoethanol, 10% glycerol, and 0.1% bromophenol blue) plus protease inhibitor (complete protease inhibitor cocktail EDTA-free mini tablet, Roche Applied Science, Mannheim, Germany) for 30 min on ice with gentle vortexing, followed by three freeze-thaw cycles in an ethanol-dry ice bath. After homogenization on ice by multiple passages through a 26 gauge needle, cellular debris was removed by centrifugation (14,000 rpm, 10 min) at 4°C. After heating for 5 min at 95°C (except for the detection of Ad5 E4orf6), the protein extracts were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked for 1 h at 4°C with 5% non-fat dry milk in 0.05% Tween 20-PBS and probed with primary antibody 2A6 (mouse monoclonal anti-E1B antibody, 1:1,000 dilution, a kind gift from Dr. Thomas Shenk [27] ; anti-orf6, 6/7 antibody M45, 1:100; anti-Mre11 antibody12D7, 1:200, Novus Biologicals, Littleton, CO; anti-b actin antibody AC-15, 1:10,000, Sigma-Aldrich, St Louis, MO, USA), which was diluted in 0.05% Tween 20-PBS and stored overnight at 4°C. Membranes were then incubated for 1 h at 4°C with a horseradish-peroxidase-conjugated sheep anti-mouse antibody (GE Health, Piscataway, NJ, USA) diluted in 0.05% Tween20-PBS, developed by chemiluminescence (ECL plus, GE Health), and exposed to KODAK BioMax MR film (Carestream Health, Inc., Rochester, NY, USA). b-Actin was used as an internal control to adjust for differences in the amount of protein loaded in each lane. (2,732 bp, Fig. 1a ). An Ad40 E1A-and E1b19K-deletion mutant (1,251 bp deletion between 442 and 1,692 of GenBank accession no. L19443; Fig. 1a ) was also observed in Ad40 Dugan plaques isolated with 911 cells. After cloning and sequence analysis of those low-molecular-weight PCR products, 7 different Ad40 E1 deletion mutants were detected, indicating a lack of genetic integrity (Fig. 1b, c) .
Results
Detection of
Effective amplification of pure Ad40wt in Ad5 E1 and Ad5 E4orf6 double-expressing cells In order to improve the genetic integrity of pure Ad40wt, Ad5 E1 and Ad5 E4orf6 double-expressing human embryonic kidney (2V6.11) cells were employed for producing an effective amplification. 2V6.11 were transfected with linearized pure Ad40wt plasmids and harvested 72 h after transfection or infection. Until apparent cytopathic effect (CPE, grape-like clusters and[90% cell detachment) was observed in a 60 mm dish, the same amplification was repeated using 1:3 dilutions of CVLs, which were prepared by centrifugation (1,500 rpm, 10 min), three cycles of freeze-thawing of 1.7 ml suspension, and another centrifugation (3,000 rpm, 10 min). After observing obvious CPE (9th passage) and confirming the presence of Ad40 E1, fiber, and E4orf2 by PCR, the virus was amplified subsequently in 2V6.11 cells (4 9 10 4 cells/cm 2 ) in a 100 mm dish, a 75 cm 2 flask, or 1, 2, 6 (twice), and 12 175-cm 2 flasks for subsequent CsCl centrifugation (16th passage) according to standard methodology [25] . Upon effective amplification in 2V6.11 cells, the amount of Ad40 fiber DNA from pure Ad40wt (5.90 9 10 11 VP/ml) was approximately 100 times higher than that from Ad40 Dugan (Fig. 2) . During the amplification of pure Ad40wt, obvious CPE and the amount of Ad40 fiber DNA were maintained up to the 16th passage and longer. The methods we optimized enabled efficient and dependable amplification of Ad40.
Confirmation of the genetic integrity of pure Ad40wt produced by our method was first done by shotgun sequencing. More than 50% of the Ad40wt sequence (57.6%, 19,738 of 34,214 bp) was covered by shotgun sequencing and was found to be identical to the sequence of Ad40 from GenBank (accession no. L19443). The remaining portion of the virus genome was sequenced by PCR with primers based on the known sequence. The final pure Ad40wt genome sequence was identical to the GenBank sequence, and restriction analysis of pure Ad40wt with ClaI, HindIII, and SwaI agreed with the GenBank sequence.
Lack of genetic integrity of Ad40 E1 DNA in plaques from 911 cells A plaque-formation assay was performed for each virus, using five cell lines: 293, 911, A549, HeLa and W162 cells. Plaque formation of Ad40 Dugan and pure Ad40wt was observed on day 10 only in 911 cells, and the resultant plaques were characterized. The median (interquartile range) titers of Ad40 Dugan and pure Ad40wt were 2.2 (1.7-2.7) 9 10 4 PFU/ml and 9.0 (8.6-9.3) 9 10 6 PFU/ml, respectively (in three independent experiments). In all plaques of Ad40 Dugan and pure Ad40wt (40 plaques each), both Ad40 fiber and E4orf2 DNA were detected by In order to analyze the effect of Ad5 E1 and E4orf6, the genetic integrity of Ad40 E1 and the differences in viral replication efficiency of pure Ad40wt were compared in seven cell lines: 293, 2V6.11, 911, 911orf6, A549, HeLa and W162 cells. Ad40 E1b55K mRNA expression and the presence of E1 DNA were tested semiquantitatively by RT-PCR and PCR in DNA-free total RNA and encapsidated viral DNA extracted from seven cell lines infected with pure Ad40wt (in three independent experiments, Table 1 and Fig. 3a) . RT-PCR analysis for Ad40 E1b55K showed that intact Ad40 E1b55K mRNA was reproducibly detected in 293 and 2V6.11 cells infected with pure Ad40wt at 200 VP/cell. The result indicated that pure Ad40wt with intact Ad40 E1 was reproducibly amplified only in 2V6.11 cells infected with pure Ad40wt at 200 VP/ cell with 1 lg/ml ponasterone A. The largest amount of Ad40 E1 DNA was observed in 2V6.11 cells infected with pure Ad40wt at 200 VP/cell with 1 lg/ml ponasterone A (Fig. 3b) . Quantification of Ad40 fiber mRNA and DNA levels were performed by real-time RT-PCR and PCR, respectively. Ad40 fiber mRNA and DNA were detected in both the supernatants and CVLs of all cells infected with pure Ad40wt at 200 VP/cell except W162 cells. The only condition that reproducibly resulted in Ad40 E1 and fiber DNA signals and E1b55K and fiber mRNA was 2V6.11 with 1 lg/ml ponasterone A.
Degradation of Mre11 by Ad40
The Mre 11 complex recognizes linear and double-stranded Ad DNA as double-strand breaks and thus interferes with Ad infection. For this reason, the degradation of Mre11 is required for efficient viral replication and Ad genomic stability. In order to determine whether infection of pure Ad40wt in 2V6.11 cells affected Mre11 levels, expression levels of Mre11 were measured. The analysis of Ad5 E1b55K and Ad5 E4orf6 proteins showed that the expression of Ad5 E4orf6 induced with ponasterone A (1 and 5 lg/ml in 2V6.11, and 5 lg/ml in 911orf6 cells) increased the level of Ad5 E1b55K in these cells (Fig. 4a) . E1-expressing human embryonic kidney (2V6.11) cells were transfected with linearized pure wild-type Ad40 (Ad40wt) plasmids and harvested every 72 h after transfection or infection. Until apparent cytopathic effect (CPE, 9th passage) was observed in a 60 mm dish, the same amplification was repeated using 1:3 dilutions of crude viral liquids (CVLs), which were prepared by centrifugation step (1,500 rpm, 10 min), three freeze-thaw cycles of a 1.7 ml suspension, and another centrifugation (3,000 rpm, 10 min). After observing CPE and confirming the existence of Ad40 E1, fiber, and E4orf2 by PCR, the virus was amplified continuously for CsCl centrifugation. The Ad40 fiber DNA levels were evaluated by real-time PCR on the encapsidated viral DNA from 200 ll of CVL at each passage (in triplicate). The results shown are mean values of triplicates. Error bars indicate the 95% confidence interval. Effective amplification with 2V6.11 increased the Ad40 DNA levels after pure Ad40wt infection approximately 100 times compared to those of Ad40 Dugan Ponasterone A induced Mre11-degradation in 2V6.11 cells in a dose-dependent manner (Fig. 4b). A decrease in the level of Mre11 was observed in 2V6.11 cells 24 h after infection with pure Ad40wt at 2,000 VP/cell. Compared to Ad5wt, which suppressed Mre11 at 200 VP/cell, Ad40wt required a higher dose of the virus to induce the same degree of suppression.
Discussion
As the first step for the development of the Ad40 vector, we established a procedure for effective Ad40wt amplification by optimizing the conditions for amplification, namely modification of a cell line to suit our needs. Pure Ad40wt was successfully amplified in 2V6.11 cells with ponasterone-A-based Ad5 E4orf6 induction. The lack of genetic integrity of Ad40 E1 after Ad40wt infection might be a primary reason why Ad40 had previously been extremely difficult to amplify in vitro. The data presented in this paper demonstrate that coexpression of Ad5 E1 and Ad5 E4orf6 proteins overcomes the restrictions that were impeding the process of optimal Ad40wt vector amplification.
For proper transcription and effective replication of Ad40, Ad5 E4orf6-expression was required in addition to Ad5 E1. Ad5 E4orf6 has been reported to direct the nuclear localization of Ad5 E1b55K [28, 29] , which is a multifunctional phosphoprotein that regulates viral DNA replication and nucleocytoplasmic RNA transport in lytically infected cells [30] . Another paper reported that Ad5 E4orf6 controlled both nuclear import and export [31] . Thus, ponasterone-A-induced Ad5 E4orf6 expression might support the transcription of Ad40 late-onset mRNA and the subsequent release of Ad40 viruses from cells. This may explain why pure Ad40wt with intact Ad40 E1 was successfully amplified in 2V6.11 cells with ponasterone-A-based Ad5 E4orf6 induction. A 72 h culture seems to be the best for the transcription and replication of Ad40, as reported previously for Ad2 E1A-and E1B-expressing human epidermoid-carcinoma, 293, and A549 cell lines [14, 32, 33] . On the other hand, 2V6.11 cells could not be maintained more than 5 days after addition of ponasterone A (1 lg/ml), most likely due to the degradation of cellular substrates (e.g. Mre11) by Ad5 E1b55K and A5 E4orf6. As a result, a plaque assay with 2V6.11 cells could not be performed. Saez et al. [34] reported that the luciferase protein expressed with the ecdysone system was detectable within 4 h of exposure to ponasterone A, increased approximately 600-fold between 24 and 36 h, and then decreased to background levels at 20 h after withdrawal of ponasterone A. In 2V6.11 cells used for amplification of pure Ad40wt, ponasterone A was removed upon viral infection, and pure Ad40wt replicated for 72 h. Here, the expression of Ad5 E4orf6 should have stopped by 20 h after withdrawal of ponasterone A, and thus the viability of 2V6.11 cells might have been maintained for 72 h, permitting pure Ad40wt amplification.
In addition to the timing, the amount of ponasterone A was also important for successful amplification of pure Ad40wt, because the intensity of Ad40 E1 PCR fragments was lower in 2V6.11 cells with 5 lg/ml ponasterone A, and the integrity of Ad40 E1 DNA was less reproducible than in cells treated with 1 lg/ml ponasterone A. This means that a 72 h passage and use of 1 lg/ml ponasterone A for induction are the most appropriate conditions for for efficient amplification of Ad40.
The lack of Ad40 E1 genetic integrity may explain why Ad40 has been difficult to culture in vitro. Regarding Ad40 Dugan, the majority of the Ad clones were Ad40 E1A and/or E1b19K mutants, and only a few contained an intact E1 region when plaques from 911 cells were analyzed by PCR. The current batch of Ad40 Dugan that was amplified in 293 cells may be contaminated with Ad40 E1 deletion mutants, which may also yield plaque formation in 911 cells. Among the five Ad5-propagating cells, plaque formation of Ad40 Dugan was observed only in 911 cells. The different origins of the cells, which may underline the differences in morphology and growth, may be the reason why 911 cells exhibit better plaque formation than 293 cells, as reported previously for Ad5 [19] . Regarding pure Ad40wt, a lack of genetic integrity in the E1 region was detected in the encapsidated viral DNA extracted from the plaques of 911 cells and from the CVLs after 72 h incubation with 911 or 911orf6 cells. Unlike Ad5, its replication in 911 or 911orf6 cells may be detrimental to the genetic integrity of Ad40 E1. One possible explanation for the recovery of the genetic integrity of Ad40 E1 after Ad5 E1 and E4orf6 transcomplementation is that the E1B promoter activity is known to be lower than that of Ad5 E1B and that Ad5 E1B could have compensated for the resultant weak activity of Ad40 E1B [35, 36] . Pure Ad40wt also replicated in 2V6.11 cells with 5 lg/ml ponasterone A, where the expression of Ad5 E1B protein was higher than that in 2V6.11 cells with 1 lg/ml ponasterone A, but the genetic integrity was reduced with 5 lg/ml ponasterone A.
Avoidance of nonhomologous end joining (NHEJ) mediated by the Mre11-RAD50-Nbs1 (MRN) complex is very important for adequate adenovirus replication, and Ad5 E1b55K and Ad5 E4orf6 are known to play a major role in the degradation of this complex. Infection with pure Ad40wt at 2,000 VP/cell induced the degradation of Mre11 in 2V6.11 cells with 1 lg/ml ponasterone A, but not at 200 VP/cell. This degradation of Mre11 may indicate that pure Ad40wt with Ad5 E1b55K and Ad5 E4orf6 prevents NHEJ after a DNA double-strand break as a result of degradation of the MRN complex, which is responsible for NHEJ. Moreover, pure Ad40wt infection might result in both reorganization and degradation of members of the MRN complex mediated by Ad5 E1b55K and Ad5 E4orf6, which prevents concatemerization, as reported previously [37] . This indicates that the degradation of the MRN complex requires viral components, and this function is weaker with Ad40 than with Ad5. This explains why Ad40 needed a high level of viral particles for inducing Mre11-degradation.
For future clinical applications, Ad40-based genetransfer vectors appear to be suitable for the GI tract, because AdF possesses specific structural features and has an unique mucosal tropism for the GI tract, especially intestinal mucosa [18, 38] , which may possibly be mediated by two fibers on the virion [39, 40] or the lack of an RGD av-integrin binding motif on a penton base [41] . For in vivo gene delivery, a method for effective vector amplification is necessary. An effective method for amplification of Ad40wt without losing sequence integrity was established in this study. Thus, the method we established will be useful for developing an Ad40-based genetransfer vector for intestinal mucosa with the goal of oral vaccination.
In summary, a method for effective amplification of Ad40wt was established. Moreover, possible reasons for difficulty in culturing Ad40 in vitro, such as the lack of Ad40 E1 genetic integrity after Ad40 infection and the necessity for a high level of viral particles to induce Mre11 degradation, were identified. These findings may contribute not only to the study of Ad40 virology but also to the future development of gene delivery systems using this virus.
